Abstract In order to solve the problem of depth classification of the underwater target in a very low frequency acoustic field, the active component of cross spectra of particle pressure and horizontal velocity (ACCSPPHV) is adopted to distinguish the surface vessel and the underwater target. According to the effective depth of a Pekeris waveguide, the placing depth forecasting equations of passive vertical double vector hydrophones are proposed. Numerical examples show that when the sum of depths of two hydrophones is the effective depth, the sign distribution of ACCSPPHV has nothing to do with horizontal distance; in addition, the sum of the first critical surface and the second critical surface is equal to the effective depth. By setting the first critical surface less than the difference between the effective water depth and the actual water depth, that is, the second critical surface is greater than the actual depth, the three positive and negative regions of the whole ocean volume are equivalent to two positive and negative regions and therefore the depth classification of the underwater target is obtained. Besides, when the 20 m water depth is taken as the first critical surface in the simulation of underwater targets (40 Hz, 50 Hz, and 60 Hz respectively), the effectiveness of the algorithm and the correctness of relevant conclusions are verified, and the analysis of the corresponding forecasting performance is conducted.
Introduction
There are about 150 countries with coastlines around the world. At present, it is difficult to detect adversary underwater targets by conventional means, which could seriously threaten the safety of these countries. Due to the acoustic features of an underwater target in a very low frequency range (10-100 Hz), this paper adopts the ACC-SPPHV to conduct the depth classification of low-noise targets, that is, the binary decision of surface targets and underwater targets, which has bright prospects of potential applications in a coast warning system, such as Vertical Double Towed Lines Array, Aeronautical Underwater Acoustic Buoy, etc.
Many algorithms have been used to detect and localize underwater targets. Josso et al. (2010) investigated underwater targets' motion detection and estimation. Baggenstoss (2011) carried out localization research of multiple interfering sperm whales using time difference. Dosso and Wilmut (2011) researched multiple underwater targets' localization. Michalopoulou et al. (2011) investigated the passive tracking algorithm based on particle * Corresponding author. E-mail: edit231@163.com filtering. Wiggins et al. (2012) researched the underwater targets' tracking using a multichannel autonomous acoustic recorder. Dubreuil et al. (2013) researched underwater target's detection taking advantage of imaging polarimetry and correlation techniques. Diamant et al. (2014) did the underwater acoustic localization research using LOS and NLOS algorithms. Gerstein and Gerstein (2014) did some research on sound localization in shallow waters. Forero (2014) investigated broadband underwater target's localization by multitask learning.
In this paper, the Pekeris waveguide model and ACC-SPPHV of passive vertical double vector hydrophones are used to divide the whole ocean volume into two parts, which solves the depth classification problem of underwater targets. Based on our prior research Yu et al., 2008 Yu et al., , 2009 , research is conducted in implementing the placing depth forecasting equations based on ACCSPPHV of vertical double vector hydrophones.
Depth Classification Theory and Placing Forecasting Equations
An underwater target usually radiates strong line spectra below 100 Hz, and therefore, the Pekeris Model is employed in this paper. The waveguide diagram is shown in Fig.1 . The particle sound pressure equation is given as (Liu, 2010) ,
n represents the order of normal modes,
ρ 1 and ρ 2 are the densities of seawater and seafloor, respectively, z 0 is the depth of underwater target, z is the placing depth of hydrophone, r is the horizontal distance between z 0 and z, ε n is the eigenvalue of the nth normal mode, which is the root of the following eigenvalue equation 2 2 cos sin 0
where
Every normal mode corresponds to one cut-off frequency f n , namely, when the frequency of a sound source f < f n , the nth normal mode can not be motivated by the sound source. f n can be expressed as (Liu, 2010) ,
The relationship between particle velocity and sound pressure is (Brekhovskikh and Lysanov, 2003) 
where v contains the time factor. Thus, the above equation can be written as
Substituting Eq. (1) into Eq. (5), the horizontal and vertical components of the particle velocity are given respectively as
and
According to Eq. (1) and Eq. (6), the cross spectra of particle sound pressure and horizontal velocity of vertical double vector hydrophones can be obtained from its active component part as
and the vital ACCSPPHV can be obtained as
When there are only two normal modes in underwater acoustic field, that is, only the first two normal modes are considered in this paper, Eq. (9) can be expanded and simplified for analytical convenience:
According to Eq. (10), when receiver points z 1 and z 2 are fixed and the sign of ACCSPPHV is kept unchanged with distance r, it is easy to get
The Pekeris model can be equivalent to the environment where the effective water depth is absolutely soft, and the expression of the effective water depth is (Buchingham and Giddens, 2006)
where H e is the effective water depth, H represents the actual water depth, b is the density ratio of seawater to 
Therefore, only if the summation of the placing depths of two hydrophones equals the effective water depth, the cross spectra sign of the particle sound pressure and the horizontal velocities of the hydrophones are irrelevant to the horizontal distance r. Thus, the depth classification of the underwater target can be made based on this law. When Eq. (14) 
From Eq. (16), the whole ocean volume can be divided into three parts, negative value -positive value -negative value, within the effective water depth H e , and the summation of the two critical surfaces is H e . When the first critical surface h 1 is less than H e −H, the second critical surface h 2 is greater than the actual water depth H. At this time, the second negative value region is invalid. By setting the first critical surface h 1 , the theoretical forecasting equations on the placing depth of the two hydrophones can be written as 
Simulation
For single-frequency acoustic waves from a point sound source, the water depth H=100 m, the particle velocity c 1 =1500 m s −1 , the seabed medium sound velocity c 2 =1570 m s −1 , ρ 1 =1.025 g cm −3 , and ρ 2 =1.766 g cm −3 . According to Eq. (3), the cut-off frequencies of the first five normal modes are shown in Table 1 . On the basis of Eq. (12), H e can be obtained as shown in Table 2 . When the sound source frequency 38.1008 < f < 63.5013, only the first two normal modes need to be considered. Take 40 Hz, 50 Hz, and 60 Hz as examples, white represents the positive value, and blue represents the negative value.
1) The frequency of the underwater target is 40 Hz. If setting h 1 =20 m as the first critical surface, z 1 =55.24 m and z 2 =79.59 m can be obtained according to Eqs. (18)-(19). The vertical double hydrophones are placed at the depth of z 1 =50.7 m and z 2 =80.1 m respectively, and Fig.  2(a) shows the results by Eq. (9). Furthermore, the summation of placing depths is 130.8 m. If putting the vertical double hydrophones at z 1 =43 m, z 2 =88 m, the summation is 131 m and the results are shown in Fig.2(b) . The critical surfaces are h 1 =38 m, h 2 =93 m, the summation of which is 131 m. All the three summations are close to the theoretical effective water depth 134.83 m. 2) The target frequency is 50 Hz. Based on Eqs. (18)-(19), setting h 1 =20 m as the first critical surface, z 1 =52.23 m and z 2 =75.63 m can be obtained. If the vertical double hydrophones are placed at z 1 =50.9 m, z 2 =73.1 m, respectively, the summation of placing depths is 124 m. Fig.3(a) shows the results obtained by Eq. (9) 3) The target frequency is 60 Hz. On the basis of Eqs. (18)- (19), setting h 1 =20 m as the first critical surface, z 1 = 50.21 m and z 2 =73.00 m can be obtained. If the vertical double hydrophones are placed at z 1 =49.3 m and z 2 =70.9 m, respectively, the summation of placing depths is 120.2 m. Fig.4(a) shows the results by Eq. (9) and Fig.4(b) by placing the vertical double hydrophones at z 1 =30 m and z 2 =90.6 m with the placing depth summation of 120.6 m.
With the critical surfaces of h 1 =46 m and h 2 =74 m, the summation of h 1 and h 2 is 120 m. All the three summations well match the corresponding theoretical effective water depth of 123.22 m. According to the above simulations at 40 Hz, 50 Hz, and 60 Hz, the effectiveness of this algorithm is proved, and some relevant conclusions can be drawn. Placing depths of the vertical double vector hydrophones can be predicted through Eqs. (18)- (19) . There are errors between the predicted and actual placing positions, but they become smaller with the increase of the target frequency. The summation of the placing depths of hydrophones and that of the first and the second critical surfaces approximately equal the corresponding effective water depth, which verifies Eqs. (14) and (17).
Forecasting Performance Analysis
Taking the same sea environment as above, the placing position comparisons of prediction and simulation with the target frequencies of 40 Hz, 50 Hz, and 60 Hz are shown in Fig.5 . In the figure the horizontal axis is the first critical surface from 10 m to 40 m with an interval of 5 m, and the vertical axis represents the placing depth of hydrophones. The results show that the forecasting performance is improved with the increase of the sound source frequency.
The summation deviations comparisons of simulation placing and placing prediction with varying frequencies of sound sources are shown in Fig.6 .
From Fig.6 , a conclusion can be drawn that with the increase of sound source frequencies, the summation deviations of simulation placing and placing prediction decreases. Moreover, with the increase of the critical surface h 1 , the summation deviations show a decreasing trend. Fig.5 The placing position comparisons of prediction and simulation. Fig.6 The summation deviations comparisons of simulation placing and placing prediction.
Conclusions
Based on ACCSPPHV of vertical double vector hydrophones, the depth classification algorithm of underwater targets is proposed to distinguish a surface vessel and an underwater target in this paper. Forecasting equations for placing depths are obtained when the summation of the two critical surfaces and that of placing depths equal effective water depth. The simulation and forecasting performance analysis are carried out, which verifies the effectiveness and correctness of this algorithm. In addition, this algorithm is simple and easy to implement, and has the potential for future applications in vertical arrays.
